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The spin-fluctuation effect in the Se-substituted system Fe1+δTe1−xSex (x = 0, 0.05, 0.12, 0.20,
0.28, 0.33, 0.45, 0.48 and 1.00; 0 < δ < 0.12) has been studied by the measurements of the X-ray
diffraction, the magnetic susceptibility under high magnetic fields and the electrical resistivity under
magnetic fields up to 14 T. The samples with x = 0.05, 0.12, 0.20, 0.28, 0.33, 0.45 and 0.48 show
superconducting transition temperatures in the ranger of 10 K∼14 K. We obtained their intrinsic
susceptibilities by the Honda-Owen method. A nearly linear-in-T behavior in magnetic susceptibility
of superconducting samples was observed, indicating the antiferromagnetic spin fluctuations have a
strong link with the superconductivity in this series. The upper critical field µ0H
orb
c2 for T → 0 was
estimated to exceed the Pauli paramagnetic limit. The Kadowaki-Woods and Wilson ratios indicate
that electrons are strongly correlated in this system. Furthermore, the superconducting coherence
length and the electron mean free path were also discussed. These superconducting parameters
indicate that the superconductivity in the Fe1+δTe1−xSex system is unconventional.
PACS numbers: 74.70.-b,75.50.Bb,74.62.Dh
I. INTRODUCTION
Shortly after the discovery of the iron-based oxypnic-
tide superconductor LaFeAsO1−xFx with Tc of 26 K,
1
another family of the iron-based chalcogenide supercon-
ductor α-FeSe with Tc of about 8.5 K was reported by
Wu’s group.2 Later on, Fang’s group enhanced the Tc
up to 14 K by substituting Se for Te in the FeTe1−xSex
system.3 Interestingly, although both FeTe and FeS are
not superconductors under ambient pressure, the super-
conductivity can be induced by Se doping in FeTe1−xSex
as well as S doping in the FeTe1−xSx system.
3,4,5 While
there is no sign of superconductivity in pure FeTe un-
der high pressure in contrast to that the superconducting
transition temperature was enhanced to 37 K, just below
the McMillan limit in FeSe under high pressure.6 Super-
conducting α-Fe1.01Se belongs to the tetragonal symme-
try system at room temperature and undergoes a struc-
tural transition to an orthorhombic phase at 90 K, while
the non-superconducting Fe1.03Se does not.
7 FeSe has a
simpler structure by stacking only the conducting Fe2Se2
layers in contrast to the Fe-As based superconductors
having both the conducting Fe2As2 layers and the block-
ing R2O2 layers (R = rare earth elements). FeTe has the
same structure as FeSe but with a rather complex mag-
netic structure. For example, the stoichiometric sample
FeTe has an commensurate antiferromagetic (AF) order-
ing at low temperatures after suffering a structural phase
transition, while samples with excess iron Fe1+δTe has an
incommensurate AF ordering.8 According to the result
of density functional calculations, the spin density wave
(SDW) is more stable in FeTe than that in FeSe.9 There-
fore, the doped sample FeTe is expected to have higher
Tc. This was indeed observed in S or Te substituted sys-
tems for Se in FeSe.10 The iso-valent substitution does
not directly introduce extra carriers but may change the
topology of the Fermi surface.3 Recently, a spin fluctua-
tion spectrum and a spin gap behavior were observed by
neutron scattering.8,11 In fact, the NMR results indicated
that the AF spin fluctuations were enhanced greatly to-
ward Tc, indicating the importance of AF spin fluctua-
tions for the superconducting mechanism in FeSe.12
As for the sample preparations, the iron-based su-
perconductors, as previously reported, however, usu-
ally contain a very small amount of magnetic impuri-
ties, e.g., Fe7Se8 and Fe3O4.
2,3,5,7,13,14,15,16 Therefore,
in many cases the Verwey-phase like transition happens
around 120 K due to the existence of the magnetic
impurity Fe3O4 which causes a peak in the magnetic
susceptibility.17 To elucidate the superconducting mech-
anism and its relation with the AF spin fluctuations, it
is vitally important to obtain the intrinsic susceptibil-
ity. In this study, we successfully synthesized the single
crystals of Fe1+δTe1−xSex and measured their magnetic
susceptibilities under high magnetic fields and obtained
the intrinsic susceptibilities by using the Honda-Owen
plot.18 We have found that the magnetic susceptibility
of Fe1+δTe1−xSex (0.12 6 x 6 1.00) decreases with de-
creasing temperature from 300 K to 20 K, similar to
the results in high temperature cuprate superconductor
(La1−xSrx)2CuO4, or Fe-As based superconductors.
19,20
In addition, we conducted electrical resistivity measure-
ments of two single crystal samples with very close com-
position x ∼ 0.3, both of which show the superconduc-
tivity at Tc ∼ 14 K under magnetic fields up to 14 T in
order to estimate the upper critical field µ0H
orb
c2 and the
coherence length ξ. As a result, the upper critical field
is found to be much larger than the Pauli limit, and the
initial slope near Tc is comparable with those of Fe-As
based superconductors.21,22 Although Fe(Te-Se) is a lay-
ered superconductor, both the upper critical field and the
initial slope near Tc show weak anisotropies. In order to
2investigate the electron correlation strength, we have esti-
mated Kadowaki-woods and Wilson ratios which indicate
a strongly correlated electrons picture. The supercon-
ducting coherence length and the electron mean free path
are also discussed, leading to the fact that Fe1+δTe1−xSex
is a clean superconductor.
II. EXPERIMENTAL
The high-quality single crystals of Fe1+δTe1−xSex ( x
= 0, 0.05, 0.12, 0.20, 0.28, 0.33, 0.45, 0.48 and 1.00;
0 < δ < 0.12) were prepared from Fe powders (4N
purity), Te powders (4N purity) and Se powders (5N
purity). Stoichiometric quantities of about 3g-mixtures
were loaded into a small quartz tube. This small tube
was then sealed into second evacuated quartz tube, and
placed in a furnace at room temperature. The temper-
ature was slowly ramped up to 920◦C over for 36 hours
and then held at that temperature for another 12 hours in
order to obtain sample homogeneities. Then, the temper-
ature was reduced to 400◦C over for140 hours. On the
other hand, the polycrystalline of Fe1+δSe was synthe-
sized by previously reported solid state reaction method.2
The obtained single crystal samples were ground into
powders for measuring powder X-ray diffraction (XRD)
with Cu Kα radiation. The detailed structural param-
eters were analyzed by Rietveld refinements. The com-
positions of the single crystals were analyzed using SEM
(JED-2300, JEOL) equipped with an Energy Dispersive
X-Ray (EDX) spectrometer. The DC magnetic measure-
ments were performed by using a Superconducting Quan-
tum Interference Device (SQUID, Quantum Design Mag-
netometer). For the observations of the superconducting
transitions, both the zero-field cooling (ZFC) and field
cooling (FC ) measurements were performed under the
magnetic field of 20 Oe. The temperature dependence
of resistivity was measured using a standard dc four-
probe method under dc magnetic fields up to 14 T with a
Physics Property Measurements System (PPMS, Quan-
tum Design Magnetometer). The current direction was
parallel to the a- axis of the single crystal sample.
III. RESULTS AND DISCUSSION
A. XRD and EDX Spectroscopy
The obtained single crystal has the layered planes held
together by Van der Waals force only, and thus the crys-
tal can easily be cleaved. X-ray diffraction pattern of
a typical single crystal Fe1.12Te0.72Se0.28 measured with
the scattering vector perpendicular to the cleaved sur-
face was shown in Fig. 1 (a) and the image of the single
crystal is in the inset. Only (00l) reflections appear, in-
dicating that the c-axis is perpendicular to the cleaved
surface. In order to get more structural information from
the XRD pattern, the singe crystal were ground into pow-
ders for powder XRD measurements. Figure 1 (b) shows
XRD patterns of the selected samples of Fe1+δTe1−xSex(
x = 0, 0.05, 0.12, 0.20 and 0.33). The real compositions
were analyzed by EDX measurements as listed in Table I.
The EDX spectroscopy results show that there is a slight
excess amount of Fe existing in each sample, and further-
more, the Se content has a smaller ratio than the nominal
one. All the peaks are well indexed based on a tetragonal
cell with the space group of P4/nmm, except for a small
amount of the magnetic impurity phase of Fe7Se8-type,
indicating that the samples are almost in a single phase.
The impurity phase exits in the surface or in the inter-
layers of the single crystal. It should be pointed out that
there is a very small amount of Fe3O4 impurity in each
sample, which cannot however be probed in the XRD
patterns but causes a peak in temperature dependence of
magnetic susceptibility at about 120 K due to the Verwey
phase transition.17 With increasing Se doping level, the
a-axis decreases slightly, while the c-axis shrinks remark-
ably, which makes the (001) and (200) diffraction peaks
shift to higher angles monotonously, shown as enlarged
views in the inset. The cell volume is consequently de-
creased by substituting Te for Se from 92 A˚3 to 78 A˚3, in-
dicating that the samples are in a solid solution in which
Se enters the lattice as Fe1+δTe1−xSex successfully.
B. Magnetic Susceptibility
Since the presence of a small amount of ferromagnetic
impurities which have a profound effect on the low-field
magnetization as shown in Fig. 2 (a) for sample Fe1+δTe.
A linear-in-H term in high magnetic fields magnetization
appears in each curve for various temperatures; if we ex-
trapolate the data from high magnetic fields to H = 0,
all the extrapolation ends into almost the same point,
Ms, indicating the saturation magnitude moment of the
impurity. According to the Honda-Owen plot, by extrap-
olating the measured susceptibilityM/H = χ+ CsMs/H
for 1/H → 0, whereM/H is the measured susceptibility,
χ the intrinsic susceptibility, Cs the presumed ferromag-
netic impurity content and Ms its saturation magneti-
zation. The influence of ferromagnetic impurities must
be avoided in order to obtain the intrinsic susceptibility,
χ. Therefore, we use the Honda-Owen method to obtain
the χ of these samples as χ(T ) = ∆M∆H . The magnetiza-
tions were measured between 5 K and 300 K separately
under magnetic fields of 3 and 4 T, or 4 and 5 T, above
which the magnetizations of the magnetic impurity were
supposed to be saturated. Figure 2 (b) shows the tem-
perature dependence of the intrinsic magnetic suscepti-
bility for samples with x = 0, 0.05, 0.12, 0.20, 0.28, 0.33
and 1.00. The external field is applied parallel along the
c-axis. For undoped sample Fe1.12Te, the magnetic sus-
ceptibility χ(T ) increases with decreasing temperature,
and decreases sharply near 69 K, due to the AF phase
transition accompanied by the structural phase transi-
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FIG. 1: X-ray diffraction patterns of Fe1+δTe1−xSex.
(a) A typical single crystal XRD pattern for sample
Fe1.12Te0.72Se0.28 as well as the single crystal image in the
inset. (b) Powder XRD patterns by using samples of ground
single crystal; the peaks marked by * are Fe7Se8 impurity
phase. The enlarged view of the (001) and (200) peaks and
the lattice constants as functions of Se content x were shown
in the inset.
tion, then becomes almost the constant with decreasing
temperature, in agreement with the previous reports.23
The susceptibility does not show any anisotropy since
it has almost no distinct difference in the paramagnetic
phase in cases of H//c and H//a, and even at low tem-
peratures χH//c(5 K)/χH//a(5 K) ∼ 1.45 shows a weak
anisotropy. For the superconducting sample, the intrin-
sic susceptibility of the sample with x = 0.28 under H//c
and H//a also shows a very weak anisotropy as displayed
in Fig. 2 (c). On Se-doping, the AF transition shifts to
lower temperature and the peak is broadened, then is
hardly observed in the range x > 0.12, where the su-
perconducting phase transition occurs at 10 K ∼ 14 K.
The upturn of χ(T ) at low temperatures, indicating a
Curie-Weiss like behavior, which is naturally ascribed to
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FIG. 2: (a) Isothermal magnetization (M) with magnetic field
(H) in the temperature range 60 K 6 T 6 200 K with the
step of 10 K, Ms is saturation moment of the impurities.
(b) Temperature dependence of the intrinsic susceptibility for
Fe1+δTe1−xSex (x = 0, 0.05, 0.12, 0.20, 0.28 and 0.33) with
H//c. The intrinsic susceptibility of Fe1.12Te was also mea-
sured under H//a. (c) The Fe(I) site contribution to the
magnetic susceptibility: χFe(I) as a function of temperature
for superconducting samples with x = 0.12, 0.20, 0.28, 0.33,
0.45 and 0.48 with H//c as well as the sample with x = 0.28
with H//a. The anisotropy susceptibility in this series is very
weak: the susceptibility in sample of x = 0.28 showed only
weak dependence on the magnetic direction of H//c or H//a.
4a local moment effect. Here, we noticed that the Fe’s
possibly occupy two different sites in Fe1+δTe1−xSex, i.
e., Fe(I) occupies (0, 0, 0) site and has 1.6 ∼1.8 µB with
itinerant characters and Fe(II) occupies (0.5, 0, z) with
a localized moment of 2.5µB.
8,24,25 The localized mo-
ment has a strong competition with superconductivity,
making the superconductivity very sensitive to the ex-
cess amount of Fe in the FeSe compound.12 Supposed by
the band theory, the excess Fe occurs as Fe+, donating
one electron to the Fe(I) layer. Experimentally, there is
always excess iron in Fe(II) site and the number is lager
in FeTe than that in FeSe,27 which may be the reason for
that FeSe has such a high Tc under high pressure while
FeTe just changes to a metallic state at low tempera-
tures in the same situation.28 In contrast to the doped
sample, the end parent compound Fe1+δSe shows a very
weak T -linear behavior in χ(T ), in agreement with the
77Se-nuclear magnetic resonance(NMR) measurement,29
confirming a good reliability of Honda-Owen method. In
NMR measurement, the Fe(I) site contributes completely
to the Knight shift, strongly indicating that the Fe(I)
site plays the key role to understand the superconducting
mechanism in this system.29 Furthermore, density func-
tional calculations show that the electronic states near
the Fermi level are mostly of Fe 3d characters from the
Fe(I) site and with a smaller contribution from the excess
Fe(II) site.25 Herein, we ascribe the temperature depen-
dence of the magnetic susceptibility in Fe1+δTe1−xSex
primarily originates from the Fe(I) and Fe(II) sites. How-
ever, the magnetic susceptibility of Fe(II) will be domi-
nant since it has a larger local moment than that of Fe(I)
site, especially at low temperatures. We suggest that the
upturn in χ(T ) at low temperatures comes from the ex-
cess Fe(II) site. In order to separate the contributions
from the two different Fe sites to the magnetic suscep-
tibility, We fitted the magnetic susceptibility data with
the Curie-Weiss law at low temperatures for sample with
x = 0.12, 0.20, 0.28 and 0.33 in the temperature range
of 20 K 6 T 6 50 K as
χ(T ) = χ0 +
C
(T − θ)
, (1)
where the T -independent term χ0 contains the
Pauli paramagnetic susceptibility from itinerant-electron
bands, the Van Vleck-orbital susceptibility and the Lar-
mor diamagnetic susceptibility from ionic cores, C stands
for the Curie constant, and θ the Weiss temperature.
Here, the Curie-Weiss term may be due to the Fe(II)
site contribution. Therefore, the magnetic susceptibility
of the Fe(I) can be roughly estimated as χFe(I) = χ(T ) -
CII
(T−θII)
, as shown in Fig. 2 (c), where CII is Curie con-
stant due to the Fe(II) site, θII the Weiss temperature
due to the Fe(II) site. We also fitted the data with Eq.
(1) by using different temperature range of 100 K 6 T
6 300 K for samples with x = 0 and 0.05 (the nominal
composition is x = 0 and 0.10). The fitting results are
listed in Table I in detail.
After subtracting the Fe(II) contribution from the sus-
TABLE I: Fitted parameters using Eq. (1) for Fe1+δTe1−xSex
system as well as the real compositions checked by EDXS. C
and θ are obtained from the wider temperature fitting. The
units of C, θ, µeff , CII and θII are emu K/mol, K, µB , emu
K/mol and K, respectively.
sample(nominal) Fe Te Se C θ µeff C(II) θII
0 1.12 1 0 2.24 -319 4.2 - -
0.10 1.00 0.95 0.05 1.6 -260 3.7 - -
0.20 1.01 0.88 0.12 - - - 0.10 -52
0.30 1.07 0.80 0.20 - - - 0.02 -5
0.40(I) 1.12 0.72 0.28 - - 0.12 -24
0.40(II) 1.04 0.67 0.33 - - - 0.05 -23
ceptibility, it is clear that χFe(I) decreases gradually
from 300 K down to 20 K, as shown in Fig. 2 (c),
qualitatively consistent with our NMR results.30 It is
important to note that there are other systems which
also show the linear-in-T behavior: for example, the ge-
ometric frustrated system Na0.5CoO2,
31 the high tem-
perature cuprate superconductor La2−xSrxCuO2,
19 the
simply metal Cr as well as its alloys32 and even the
new discovered Fe-As based superconductors.20 All the
above systems share a common feature: having antifer-
romagnetic spin fluctuations on their backgrounds. Very
recently, Han and his colleagues studied the electronic
structure and magnetic interaction in Fe1+δTe. They
found that the small amount of excess Fe played an im-
portant role in determining the magnetic structure and
drove the Fermi surface nesting from (π, π) to (π, 0).33
With increasing Se doping, the ratio of Fe(II) was de-
pressed in Fe1+δTe1−xSex system.
27 Thus, the upturn at
low temperatures will disappear in Se rich sample. It did
so in the samples with x = 0.45 and 0.48 as shown in Fig.
2 (c) in which we did not subtract the Fe(II) site contri-
bution to the magnetic susceptibility but only show the
raw data. In LaFeAsO1−xFx, the linear-in-T behavior is
considered to be a strong AF spin fluctuations with multi-
orbital character.20 Korshunov argued that it was univer-
sal for systems with the strong (π, π) SDW fluctuation.34
In fact, we observed the q 6= 0 modes of antiferromag-
netic spin fluctuations were strongly enhanced toward Tc
in the normal state.30 Overall the linear-in-T behavior
of χ(T ) observed in our single crystal samples strongly
supports the above model, suggesting the importance of
the (π, π ) AF spin fluctuations originated from the Fe(I)
site in superconducting mechanism of this system.
C. Superconducting State and Upper Critical Field
µ0H
orb
c2
The superconducting transition temperature was
found to be ∼10 K for the sample with x > 0.05 as shown
in Figs. 3 (a), (b), (c), (d) and (e). Because the excess
5Fe in the Fe(II) site has a localized moment,24,25,26 where
there is the more excess amount of Fe(II), the less super-
conducting volume fraction is observed, compared with
Figs. 3 (d) and (e), where these two samples have very
close composition. With increasing the Se content x, the
superconducting volume fraction was enhanced greatly.
The susceptibility measured in the FC process shows no
negative sign but a small positive value in the supercon-
ducting state, indicating an intrinsic pinning effect in this
layered structure compound.35
In order to estimate the superconducting param-
eters, we selected two samples with close com-
position Fe1.12Te0.72Se0.28 (simplified as R1) and
Fe1.04Te0.67Se0.33 (simplified as R2) for resistivity mea-
surements. Figures 4 (a), (b), (c) and (d) show the sup-
pression of the superconducting transition in the electri-
cal resistivity for H//c and H//a up to 14 T for the
samples of R1 and R2, respectively. With increasing the
magnetic field, the superconducting transitions shifted to
lower temperatures, and became broadened. The upper
critical field µ0H
orb
c2 determined from the onset Tc were
plotted in Figs. 5 (a) and (b) for the samples R1 and R2,
respectively. Here, the onset Tc was defined as the re-
sistivity falls to 90% of the ρ0 value in the normal state
just above Tc. The initial slopes ∂µ0Hc2/∂T near Tc
are -6 T/K and -3.9 T/K for the R1 sample with H//a
and H//c, respectively, leading to an estimation of the
upper critical field extrapolated to zero-temperature as
µ0H
orb
c2 (0) = 57 T and 37 T, by using the Werthamer-
Helfand-Hohenberg (WHH) model as
µ0H
orb
C2 (0) = −0.693Tc(
∂µ0H
orb
C2
∂T
)T=Tc . (2)
In contrast to the sample R1, the sample R2 shows larger
initial slopes of -8.7 T/K and -4.2 T/K as well as the
upper critical fields of 85 T and 40 T under H//a and
H//c, respectively. The upper critical field in this system
is comparable with the cases of the Fe-As based super-
conductors LaFeAsO0.93F0.03
21 and KFe2As2.
22 In addi-
tion, the upper critical field is much lager than the Pauli
limit field µ0HP =1.84 Tc ∼ 25 T. The anisotropy co-
efficients Γ determined from Γ = H⊥c2/H
‖
c2 are 1.54 and
2.1 for the samples R1 and R2, respectively. In fact, the
Γ is rather isotropic at low temperatures, indicating the
three dimensional nature of the Fermi-surface topology.36
These results strongly suggest an unconventional super-
conducting mechanism in this compound. The estimated
parameters are listed in Table II.
The initial slope of µ0H
orb
c2 near Tc is also weakly
anisotropic. The similar behavior was also observed in
the 122-type compounds, and was thought to be two-
band superconductivity.37 The Sample R2 with the less
Fe shows a larger initial slope and a higher upper criti-
cal field in compared with the sample R1, indicating the
existence of Fe(II) affects the electronic band structure
and consequently the superconductivity greatly. The ini-
tial slope near Tc is proportional to the square of the
electron effective mass m∗2, in agreement with a large
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FIG. 3: Temperature dependence of susceptibility in su-
perconducting samples under magnetic field H = 20 Oe
applied along the c-axis H//c, for ZFC and FC pro-
cesses. (a) Fe1.00Te0.95Se0.05. (b) Fe1.01Te0.88Se0.12,
(c) Fe1.07Te0.80Se0.20. (d) Fe1.04Te0.67Se0.33. (e)
Fe1.12Te0.72Se0.28.
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FIG. 4: Temperature dependence of resistivity (ρ) under mag-
netic field (H) up to 14 T (0, 2, 4, 6, 8, 10, 12 and 14 T) for
samples of R1 and R2: (a) The sample R1 for H // c. (b)
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FIG. 5: Temperature dependence of the upper critical fields
of (a) the sample R1 and (b) the sample R2. The dashed line
is the estimation by the WHH theory.
γ ∼ 39 mJ/mol K2.27 In strongly correlated electron
systems, the Kadowaki-Woods ratio A/γ2 is expected
to be a constant ∼ 1.0 × 10−5µΩ cm (mJ/mol-K)2,
where A is the quadratic term of the resistivity and
γ is the linear term coefficient of the specific heat, so
called the electronic specific heat coefficient. We ob-
tained A ∼ 0.03 µΩ cm /K2 by fitting the data with
ρ = ρ0 + AT
2 in the temperature range of 16 K 6 T 6
20 K for the sample R2, resulting in A/γ2 ∼ 2× 10−5µΩ
cm/(mJ/mol K)2, which is a little bit larger than the
value of heavy fermion compound UBe13.
39 The Wil-
son ratio Rw = π
2k2Bχspin/3µ
2
Bγ is estimated as 5.7 for
the sample R2 with χspin of 2 × 10
−3emu/mol from our
data, well exceeding the unity for a free electron system.
These results strongly suggest that the electron in su-
perconducting Fe1+δTe1−xSex is strongly correlated, be-
ing in good agreement with our recent NMR investiga-
tion on the same single crystal of Fe1.04Te0.67Se0.33 which
strongly indicates the unconventional d-wave supercon-
ductivity with spin singlet pairing-symmetry.30
It is also very important to know whether the
7TABLE II: Estimated superconducting parameters for the
samples R1 and R2. Tc = 13.7 and 14.1 K for the samples
R1 and R2, respectively.
sample ∂µ0H
orb
c2 /∂T µ0H
orb
c2 µ0HP(0) ξ0 ξGL ℓ ℓ/ξ0
(H//a,c) (T/K) (T) (T) (A˚) (A˚) (A˚)
R1(a) -6.0 57 25 32 24 2336 73
R1(c) -3.9 37 25 32 30
R2(a) -8.7 85 26 31 20 2516 79
R2(c) -4.2 40 29 32 29
Fe1+δTe1−xSex is a clean superconductor or not. To
solve this issue, we need to know the mean free path
ℓ and the Pippard coherence length ξ0. On the ba-
sis of the Bardeen-Cooper-Schrieffer (BCS) theory and
the Drude model, ℓ = ~ (3π2)1/3/e2ρ0n
2/3 and ξ0 =
~VF /π∆, where n is the carrier concentration, ρ0 the
residual resistivity, VF the Fermi velocity and ∆ the
superconducting gap. Giving the superconducting gap
2∆/kBTc = 3.52 in the BCS theory, the ξ0 can be writ-
ten as ~2(3π2n)1/3/1.76πmkBTc, where m is the free
electron rest mass. Very recently, the angle-resolved
photoemission spectroscopy (ARPES) measurement on
Fe1.03Se0.3Te0.7 showed the Fermi velocity ∼ 0.4 eVA˚ for
both the hole and the electron bands and the supercon-
ducting gap ∆ ∼ 4 meV.38 Therefore the ξ0 is estimated
as 33.5A˚ and the carrier concentration estimated as ∼
6.8×1023/m3. Since the composition is very close among
the samples of Fe1.12Te0.72Se0.28, Fe1.04Te0.67Se0.33 and
Fe1.03Te0.70Te0.30 (in ref
38), it is reasonable to consider
that the carrier concentration does not change very much
among these three samples. The residual resistivity was
estimated as ρ0 = 0.70 × 10
−5Ωm, 0.65 × 10−5Ωm for
the samples R1 and R2, respectively. Therefore, ξ0 is
estimated as ∼31 A˚ and ℓ ∼ 2336 A˚ for the sample R1
and ξ0 ∼ 32 A˚, ℓ∼ 2516 A˚ for the case of the sample
R2. The estimated parameters are listed in Table II.
Therefore, the ratio of ℓ/ξ0 ∼ 80 is well exceeding the
unity so that the Fe1+δTe1−xSex is thought to be a clean
superconductor and the estimated superconducting pa-
rameters are considered to be intrinsic. For example, in
a clean superconductor, ξGL ∼ 0.74 ξ0/(1-T/Tc)
1/2. We
estimated ξGL∼ 24 A˚ for sample R2 at T = 0 K along
the c direction, in good agreement with the value of 29
A˚ derived from the upper critical field, where ξGL is ex-
pressed as ξ2GL = φ0/2πH
orb
c2 ( φ0 = 2 × 10
−7 Oe cm2).
However, it should be pointed out that those estimations
based on the one band theory which may not valid for
the multi-band compound, and much information will be
needed for further discussion on superconductivity in this
system.
IV. CONCLUSIONS
In summary, we successfully synthesized the single
crystal of Fe1+δTe1−xSex (x = 0, 0.05, 0.12, 0.20, 0.28,
0.33, 0.45, 0.48 and 1.00; 0 < δ < 0.12) and measured
their magnetic susceptibilities. The intrinsic magnetic
susceptibility was obtained though Honda-Owen method
for the first time. The nearly linear-in-T behavior in
susceptibility was observed in superconducting samples
with x = 0.12, 0.20, 0.28, 0.33 0.45, 0.48 and 1.00, in-
dicating a close relationship between the AF spin fluc-
tuations around (π, π) and the superconductivity. The
excess Fe has a localized moment which affects the su-
perconducting state greatly. The intrinsic susceptibil-
ity shows a weakly anisotropic behavior. Also, the ini-
tial slope near Tc and the upper critical field estimated
by measuring the resistivity under high magnetic fields
show a weakly anisotropic behavior. The estimated co-
herence length ξGL, the Pippard coherence length ξ0
and the mean free path ℓ by the BCS theory and the
Drude model support a clean superconductor scenario.
The estimations of Kadowaki-Woods and Wilson ratios
indicate Fe1+δTe1−xSex belongs to a strongly electron-
correlated system. Consequently, the superconductivity
in Fe1+δTe1−xSex is considered to be of unconventional
and in the strongly correlated one with the very high
value of µ0H
orb
c2 , which are also supported by our recent
NMR study.30
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